Abstract Overdose of γ-hydroxybutyrate (GHB) can result in severe respiratory depression. Monocarboxylate transporter (MCT) inhibitors, including L-lactate, increase GHB clearance and represent a potential treatment for GHB intoxication. GHB can also affect L-lactate clearance, and L-lactate has been reported to affect respiration. In this research, we characterize these toxicokinetic/toxicodynamic interactions between GHB and L-lactate using mechanistic modeling. Plasma, urine, and respiration data were taken from our previous study in which GHB and sodium L-lactate were administered alone and concomitantly in rats. A model incorporating active renal reabsorption for both agents fit GHB and Llactate toxicokinetic data. The K m for renal reabsorption of GHB (650 μg/mL) was close to its K m for the proton-dependent MCT1 and that for L-lactate (13.5 μg/mL) close to its K m for the sodium-dependent SMCT1. Inhibition of reabsorption by both agents was necessary to model concomitant drug administration. The metabolic K m for L-lactate closely resembled that for MCT-mediated hepatic uptake in vitro, and GHB inhibited this process. L-lactate significantly inhibited respiration at a high dose, and an indirect response model was used to fit these data. GHB toxicodynamics was modeled as a direct effect delayed by nonlinear transport into the brain extracellular fluid, with a K m value of 1,865 μg/mL for brain uptake which is similar to the in vitro K m value determined in rat brain endothelial cells. This model was useful for characterizing multiple MCT-mediated interactions. Incorporation of many parameters that can be determined in vitro may allow for clinical translation of these interactions.
INTRODUCTION
γ-Hydroxybutyrate (GHB) is a small chain fatty acid present endogenously via metabolism of γ-aminobutyric acid (GABA) in several human tissues, including the brain, where it acts as a neurotransmitter (1) . Although originally developed for therapeutic use as a GABA analog, GHB has gained recent attention due to its abuse, with cases of overdose reported in several countries including the USA (2) (3) (4) . Despite manifestations of GHB overdose including coma, respiratory depression, and death, there currently exists no clinically available treatment for GHB intoxication.
GHB is a substrate for a group of transporters known as the monocarboxylate transporters or MCTs (5, 6) . MCTs are protoncoupled transporters expressed highly and ubiquitously throughout the body, allowing them to govern many aspects of GHB toxicokinetics and indirectly its toxicodynamics. GHB toxicokinetics involves many dose-dependent processes in both rats and humans, including nonlinear absorption, metabolism, and renal clearance (7) (8) (9) . Our laboratory previously demonstrated that in rats, the renal clearance of GHB increases with dose and that renal clearance could be increased with concomitant administration of MCT inhibitors, indicating the nonlinear renal clearance of GHB to be due to saturable MCT-mediated active renal reabsorption (7) .
In situ brain uptake studies demonstrated saturable transport of GHB, which could be inhibited by known MCT inhibitors, also suggesting a role of MCTs in GHB blood-brain barrier transport (10) . We have also recently demonstrated inhibition of GHB blood-brain barrier transport in rats in vivo with MCT inhibition (11) . In CaCo-2 cells, transport of GHB was found to be pHdependent and also inhibited by MCT inhibitors, suggesting a role of MCTs in the oral absorption of GHB as well (12) . Recent in vivo rat data also indicate increased oral clearance of GHB with MCT inhibitor administration and suggest effects of MCT inhibition on GHB absorption (13) . Along with being a substrate of MCTs 1, 2, and 4 (SLC16A family), GHB is a substrate for the sodium-coupled SMCT1 (SLC5A8) (14) , which is present in the kidney and intestine along with MCTs. This transporter may also play a role in GHB toxicokinetics and the effects of some MCT inhibitors on GHB transport in these tissues.
Due to the established ability of MCT inhibition to increase GHB elimination, administration of MCT inhibitors represents a potential therapeutic strategy for GHB overdose. Many of the aforementioned preclinical studies have assessed this potential using the MCT inhibitor L-lactate, as this inhibitor is clinically available in the form of sodium Llactate for injection and Lactated Ringer's solution. We have also concluded in a clinical study that administration of Llactate increases GHB renal clearance in humans (15) . As a MCT and SMCT substrate, the pharmacokinetics of L-lactate is also governed by these transporters, and we found in a recent study that the concomitant administration of GHB and sodium L-lactate results in a dual toxicokinetic interaction in which each drug affects the clearance of the other (16) . This study demonstrated improvement in GHB-induced respiratory depression by increasing GHB clearance with L-lactate administration, as well as by administration of GABA B receptor antagonists, as this receptor is responsible for respiratory depression and other toxicodynamic effects of GHB. Unlike L-lactate, however, GABA B receptor antagonists are not currently available for clinical use. In this previous study, we administered L-lactate to reach a clinically relevant increase in plasma lactate concentrations of 1.5 mM. As L-lactate has been noted to affect respiration, we evaluated the effect of this concentration of L-lactate alone on respiratory parameters and noted a slight, clinically insignificant respiratory inhibition. However, at higher concentrations in humans, sodium L-lactate infusions have elicited statistically and clinically significant inhibition of respiration (17) . As one of the primary adverse effects and cause for fatality in GHB overdose is respiratory depression, understanding L-lactate effects on respiration is essential for its potential as a GHB overdose treatment option. In the current research, we sought to characterize the dosedependent effects of sodium L-lactate on respiration in rats, as well as GHB effects, and the toxicokinetic/toxicodynamic interaction between the two agents using mechanistic modeling approaches.
MATERIALS AND METHODS

Chemicals and Reagents
GHB was provided by the National Institute on Drug Abuse (NIDA). Sodium L-lactate was purchased from Sigma Aldrich (St. Louis, MO). All other chemicals used were of analytical grade.
Animals and Animal Surgery
Male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) weighing 270-330 g were used for the experiments. The animals were housed under controlled temperature and humidity with an artificial 12-h light/dark cycle, and food was available ad libitum. All animal protocols were approved by the Institutional Animal Care and Use Committee at the University at Buffalo. The animals were allowed to acclimate to their environment for a minimum of 1 week prior to surgical implantation of jugular and femoral vein cannulae under anesthesia with ketamine/xylazine. Cannulae were flushed daily with 40 IU/mL heparinized saline to maintain patency. The animals were allowed a minimum of 72 h for recovery from surgery before drug administration.
Toxicokinetic/Toxicodynamic (TK/TD) Studies
Plasma, urine, and respiration data from rats administered GHB at IV doses of 200, 600, and 1,500 mg/kg; from animals administered sodium L-lactate at IV doses of 66 mg/kg+302.5 mg/ kg/h or 605 mg/kg/h; and from animals administered GHB 1,500 mg/kg IV with IV sodium L-lactate 66 mg/kg+302.5 mg/kg/ h were used from a previous study assessing GHB-induced respiratory depression (16) . Further toxicokinetic/toxicodynamic data at a high dose of IV sodium L-lactate (198 mg/kg+1,210 mg/ kg/h) as well as endogenous plasma lactate concentrations over time using a placebo group were obtained in the current study. A validation set of data was also created from animals administered GHB 600 mg/kg IV with IV sodium L-lactate 66 mg/kg+605 mg/kg/ h. In the current and previous experiments, respiration was measured using plethysmography as previously described (16) . Briefly, rats were placed in plethysmography chambers 1 h prior to drug administration and allowed a 45-min acclimation. Five baseline measurements were then taken over 15 min. GHB or Llactate was then initiated after baseline measurements were obtained and considered time 0. For concomitant GHB and Llactate administration, L-lactate was initiated at 5 min after GHB. Respiratory parameters of frequency (rate), tidal volume, and minute volume (frequency Â tidal volume) were quantitated. GHB was administered as a 300-mg/mL bolus in sterile water via the jugular vein cannula. Sodium L-lactate bolus and infusion were administered as a 40-mg/mL solution in sterile water via the femoral vein cannula. L-lactate infusion continued for 8 h both alone and following GHB administration. Blood and urine were collected in all experiments.
Sample Analysis
GHB plasma and urine concentrations were determined in rats administered GHB using previously described LC/MS/ MS methods (16, 18) . Lactate plasma and urine concentrations were determined in all rats using a YSI Sport 1500 Lactate Analyzer (Yellow Springs Instruments, Yellow Springs, CO).
TK/TD Model Structure
The toxicokinetic interaction model structure is given in Fig. 1 , and the toxicodynamic model structure in Fig. 2 . TK/TD model equations are given below. A description of each parameter is included in Table I . Models incorporating active renal reabsorption, as previously published for GHB (18) , were used to fit GHB and lactate toxicokinetic data. Physiologic parameters were fixed to their physiologic values for rats of the same weight (18, 19) . A zeroorder production rate (k lac ) was included in the lactate TK model to account for endogenous production of lactate. Endogenous production was not included for GHB as endogenous concentrations are negligible compared to those reached with exogenous GHB administration. Dashed lines in the model structure represent inhibitory functions. The effect of lactate on the active renal reabsorption of GHB was modeled assuming competitive inhibition, as was the effect of GHB on lactate renal reabsorption and on lactate metabolic clearance. A 1-h delay was incorporated to prevent effects of GHB on endogenous lactate prior to exogenous lactate reaching steady state at approximately 60 min, as discussed below. Toxicodynamic effect of GHB was modeled using a direct effect from GHB brain extracellular fluid (ECF) concentrations. As it is known that GHB blood-brain barrier transport is carriermediated, both influx and efflux transport kinetics for GHB brain distribution were incorporated into the model. The effect of GHB was modeled with inhibitory and stimulatory functions for frequency and tidal volume, respectively, and minute volume was modeled as the product of these two functions. Toxicodynamic effects of lactate were modeled using an indirect response model from plasma lactate concentrations with a linear stimulatory function on k out for both frequency and tidal volume (20) . 
If time ≥60 min, then:
Equations for GHB toxicokinetics:
Equations for Lactate toxicodynamics:
Equations for GHB toxicodynamics:
Equations for GHB+L-lactate toxicodynamics:
TK/TD Modeling and Simulation
All modelings were performed with ADAPT 5 software using the maximum likelihood function. Since GHB endogenous concentrations are negligible, TK/TD parameters for lactate could be determined alone without co-modeling with GHB. Since endogenous plasma lactate concentrations are not negligible and will therefore influence GHB toxicokinetics, GHB TK/TD parameters could only be determined by co-modeling with lactate. For this reason, L-lactate TK/TD data was modeled alone (using the above equations without competitive GHB inhibition), then these parameters fixed for the estimation of GHB TK/TD parameters and interaction parameters with the interaction model. Although both endogenous and exogenous lactates were presumed to affect GHB toxicokinetics, the effects of lactate on respiration were only included for exogenous sodium L-lactate administration, as effects are likely due to the sodium salt, as discussed below. Initial conditions for lactate plasma concentrations as well as initial conditions for toxicodynamic parameters for GHB and lactate were fixed to their known values. All other initial conditions were set to 0. The toxicokinetic model was used to fit plasma and urine data simultaneously. Output for plasma concentrations and urine amounts for both drugs were modeled as:
The variance model below was used with separate variance parameters for plasma, urine, frequency, and tidal volume estimated simultaneously with the TK/TD fitting:
Standard goodness-of-fit criteria including Akaike Information Criterion, Schwarz Criterion, and coefficients of variance for model parameters were used to evaluate accurate description of the data. Following the identification of fitted model parameters, these parameters were fixed for simulation of TK/TD data for the GHB/sodium L-lactate dose combination given to the animals in the validation group.
Data and Statistical Analysis
Lactate clearance (Cl) was calculated as Cl=infusion rate/ C ss where C ss represents the mean steady-state concentration from 1 to 6 h after subtracting endogenous lactate concentrations. Percent urinary excretion was calculated as the total amount collected in the urine/total dose administered×100. One-way ANOVA followed by Tukey's post hoc test was used to determine statistically significant differences in lactate toxicokinetic parameters. Paired t tests were used to determine statistically significant differences in lactate toxicodynamics at 8 h compared to baseline. Unbound GHB brain ECF:plasma partition coefficients (Kp u,u ) were determined for each dose as AUC brainECF /AUC plasma using simulated brain ECF concentrations and assuming negligible plasma protein binding of GHB, as demonstrated previously (7).
RESULTS
Lactate TK/TD
Lactate toxicokinetics and effects of sodium L-lactate administration alone on respiratory parameters are given in Table II . Lactate toxicokinetic and toxicodynamic profiles and model fittings are shown in Figs. 3 and 4. Resulting model parameters that were fixed for the interaction model are given in Table I . Total clearance of lactate decreased with increasing L-lactate infusion rates; therefore, plasma clearance of lactate was modeled with a nonlinear function. Inclusion of nonlinear clearance significantly improved the model fit, resulting in lower values for Akaike Information and Schwarz Criterion compared to a model with linear plasma clearance. Lactate volume of distribution was variable between groups and was not estimated by the model with acceptable precision. It was therefore fixed to a mean value of those calculated from each group using the initial concentration after bolus administration. Although renal elimination of lactate was very low at all doses, urinary excretion significantly increased at the highest dose, consistent with saturable renal reabsorption. Urinary lactate concentrations were undetectable without exogenous L-lactate administration. Administration of L-lactate at the two lower doses resulted in minimal decreases in both frequency and tidal volume, resulting in slight decreases in minute volume of 15-20%. The highest dose of L-lactate caused significant decreases in frequency and tidal volume, leading to a significant decrease in minute volume of~30% compared to baseline. Toxicokinetic parameters determined for lactate were fixed to estimate the toxicodynamic parameters. Parameters for a nonlinear toxicodynamic effect could not be estimated with acceptable precision; therefore, a linear function was used to model lactate effects on both frequency and tidal volume.
TK Interactions Between GHB and l-Lactate
GHB toxicokinetic and toxicodynamic profiles and fittings using the interaction model are shown in Figs. 5 and 6.
Toxicokinetic profiles and fittings for lactate data in the presence of GHB are shown in Fig. 7 . Resulting model parameters are given in Table II . As previously reported (18), the toxicodynamic model incorporating active renal reabsorption was able to describe well the nonlinear renal clearance of GHB, with the percent GHB excreted in the urine ranging from 6 to 60% at the current dose range. A simple linear biophase model was initially tried in fitting the GHB toxicodynamic data, but was unable to capture this delayed effect at the highest dose. However, as observed in Fig. 6 , incorporation of nonlinear transport into the brain allowed the model to capture the delay in the maximum effect at the highest GHB dose, compared to the two lower doses, with only the highest dose reaching plasma concentrations above the K m value for brain uptake. Fixing the IC 50 and SC 50 for frequency and tidal volume to a reported value for GHB binding to the GABA B receptor (21) allowed the model to also capture efflux transport parameters and for simulation of GHB brain ECF concentrations. As shown by the simulated GHB brain ECF concentrations in Fig. 5 , fixing these values also allowed the brain ECF:plasma Kp u,u value to be less than one at values of 0.08-0.13 for each dose, which is very similar to the values experimentally determined for GHB using microdialysis (19, 22) . Although brain microdialysis data exist for GHB, these data were not used in the current model, as they were obtained in the striatum and frontal cortex, whereas the effects of GHB on respiration are presumed to occur in the brain stem. However, data at both sites agree with a low Kp u,u value for GHB brain partitioning predicted by the current model. I max for the effect of GHB on respiratory frequency was also fixed to 1, as it is known ECF extracellular fluid, CV% coefficient of variation, GHB γ-hydroxybutyrate a Fixed to known values for placebo, low, medium, and high doses of sodium L-lactate alone, and low sodium L-lactate +GHB groups respectively b Fixed for the determination of GHB and interaction parameters that GHB can cause complete respiratory arrest. Competitive inhibition by GHB on the metabolic clearance of lactate was necessary to capture the increase in lactate concentrations with concomitant drug administration, although interestingly, GHB did not have this effect on endogenous lactate concentrations as seen in Fig. 7 . For this reason, the inhibition function was only added during exogenous lactate administration, and a time delay was also incorporated so that GHB did not have any effect on endogenous lactate concentrations prior to exogenous lactate reaching steady state. Incorporation of simultaneous competitive inhibition on active renal reabsorption captured the increased renal elimination of both drugs when given concomitantly and led to the associated decrease in GHB plasma concentrations. Simulation of the validation set of data overlays the experimental data well and indicates good predictive ability of the model using a dose combination outside those used in the fitting of model parameters (Fig. 8) .
DISCUSSION
While GHB abuse remains a significant issue in public health, there still exists no pharmacologic treatment for GHB overdose. MCT inhibition represents a potential safe, In the current research, we characterize the TK/TD of GHB and lactate incorporating MCT-mediated transport at multiple physiologic sites. Both GHB and lactate toxicokinetics could be described by incorporating active renal reabsorption. Even though renal elimination of lactate was negligible at all doses evaluated, the incorporation of lactate urine data allowed the determination of lactate renal reabsorptive parameters in the renal tubule, a site of interest for the GHB/lactate interaction. The high-affinity renal K m Fig. 4 . Lactate toxicodynamics. Sodium L-lactate was administered intravenously at time 0 at the three doses indicated. Infusions were continued for 8 h over which time plasma, urine, and respiratory measurements were obtained. Symbols represent data collected and lines represent model fittings. Data presented as mean±SD, n=3-5 value for lactate of 13.5 μg/mL (150 μM) reflects this low renal excretion, and this value is similar to values reported for SMCT1-mediated transport of lactate (24) , suggesting this transporter is primarily involved in lactate reabsorption. This is in agreement with studies in SMCT −/− mice in which 67-fold higher urinary lactate concentrations were observed compared to wild-type mice (25) . On the other hand, the lower affinity renal K m value for GHB of 650 μg/mL (6.25 mM) is similar to that determined for rat MCT1 in vitro of 478 μg/mL (4.6 mM) as well as in rat brush-border membrane vesicles of 832 μg/mL (8.0 mM) determined at relevant urinary pH values (5) . Interestingly, although the K m value for GHB suggests MCT-mediated renal reabsorption, the K i value for the inhibition of GHB renal reabsorption by lactate of 18.1 μg/mL (201 μM) is close to the IC 50 value determined previously for inhibition of SMCT-mediated GHB transport by L-lactate of 101 μM. This suggests the effects of L-lactate on GHB renal reabsorption to be mediated primarily by SMCT1 even though this may not be the primary transporter involved in the renal reabsorption of GHB. L-Lactate administration increased GHB renal clearance by~30% in these experiments from 3.18 to 4.22 mL/kg/min (16) . Even with L-lactate administration, the renal clearance of GHB is still far below that of the glomerular filtration rate in rats (~10 mL/kg/min; 7), indicating a considerable GHB renal reabsorption still occurs with L-lactate administration, which is consistent with the inhibition of a transporter other than that primarily responsible for GHB renal reabsorption. It is likely that more potent inhibitors of MCT1 may be more effective at inhibiting GHB renal reabsorption, some of which are currently in development (26) .
Along with nonlinear renal clearance, nonlinear plasma clearance of GHB has been well-described, and the current metabolic K m value of 130 μg/mL is within the range of 54-579 μg/mL, as reported in other modeling efforts (8, 18, 19) . However, an interesting finding in the current study was nonlinearity in the metabolic clearance of lactate. The K m value for this process of 256 μg/mL (2.84 mM) is very similar to the value determined in rat hepatocytes in vitro at pH 7.4 of 2.42 mM as well as that for MCT1 of 2.2 mM (27, 28) , suggesting that this nonlinearity is due to MCT-mediated uptake-rate limited hepatic elimination of lactate. Rat liver perfusion studies also suggest lactate hepatic metabolism to be uptake-rate limited (29) .
The toxicokinetic interaction between GHB and lactate is interesting in that one increases while one decreases the clearance of the other even though both are substrates for the same transporters. The differences in the degree of renal reabsorption, as well as the differences in plasma concentrations of each agent can likely explain these effects. While renal excretion of L-lactate is negligible at all evaluated doses, renal elimination significantly contributes to GHB clearance at the high plasma concentrations obtained in this study. Therefore, while each drug decreases the other's renal reabsorption based upon the current data, an effect of increased plasma clearance with increased renal clearance is only observed with GHB. Additionally, while MCTs may be involved in the hepatic uptake of both agents prior to metabolism, the plasma concentrations of GHB in this study reach 40 mM, while the highest plasma lactate concentrations are below 8 mM. The 5-fold higher GHB concentrations likely explain why GHB decreases lactate metabolism/hepatic uptake and not vice versa. Furthermore, the effect of L-lactate on GHB renal clearance likely involves SMCT1, which is expressed in the kidney but not in the liver, also potentially explaining the effect of lactate on GHB renal but not hepatic clearance. Another interesting effect of this interaction is the inhibition of exogenous, but not endogenous, lactate metabolism by GHB. As bi-directional transporters, MCT-mediated drug-drug interactions are less predictable, as additional substrate may inhibit uptake, inhibit efflux, or cause transstimulation of endogenous substrate. It is likely that a combination of these processes is involved in the complex interaction observed; however, currently, we cannot clearly define the mechanism behind this phenomenon.
As mentioned, the brain uptake of GHB is also MCTmediated, and the brain distribution of GHB can be affected by L-lactate administration (11) . A previous study using microdialysis demonstrated that the current dose of L-lactate had no effect on GHB brain distribution, although higher doses significantly decreased the brain:plasma ratio (11) . For this reason, inhibition of GHB brain uptake by lactate was not incorporated in this model; however, the delay in GHB maximum effect could be attributed to this carrier-mediated process. Indeed, the K m,bin value of 1,853 μg/mL (17.8 mM) for GHB brain uptake that was achieved with this model is very similar to the value of 23.3 mM that we have observed in a rat brain endothelial cell line at pH 7.4 (22) . This value is also similar to the value of 17.1 mM determined for GHB transport by MCT1 in red blood cells at pH 7.4 (30) , suggesting this model is capturing the MCT1-mediated brain uptake parameters for GHB. Although the transport of GHB in the kidney and in the brain may both primarily involve MCT1, we previously demonstrated that the K m and V max values for GHB MCT1-mediated transport change with pH at the transport site; therefore, different values are expected for transport at these two physiologic sites due to different physiologic pH, a difference also captured with this model.
While the clinical relevance of saturable brain transport has been brought into question due to typically lower plasma drug concentrations in humans (31) , situations concerning drug overdoses such as that of GHB are likely unique in this respect. With our current rat data, GHB concentrations range from approximately 1 to 4,000 μg/mL. In clinical cases of GHB overdoses, concentrations even exceeding 4,000 μg/mL have been reported (3). Assuming similar K m and Kp u,u values between species, it is likely that GHB plasma and brain concentrations will exceed K m values for uptake and/or efflux in GHB intoxication. Additionally, it should be noted that GHB has negligible protein binding in plasma (7) . A potentially very useful aspect of the current model is that it was able to accurately predict the brain ECF:plasma Kp u,u value using brain uptake, brain efflux, and receptorbinding parameters, all of which can be determined in vitro without the need for actual brain ECF concentration profiles. This may highly aid in the translational ability of the model to accurately simulate clinical effects of GHB in the brain without the availability of human brain concentrations. However, while this model was able to capture influx and efflux parameters for GHB transport in the brain, efflux may not be the only route of GHB brain elimination. Our Fig. 6 . GHB toxicodynamics with and without L-lactate administration. GHB was administered intravenously at time 0 at doses of 200, 600, and 1,500 mg/kg. For concomitant GHB/L-lactate administration, GHB 1,500 mg/kg was administered intravenously at time 0, and intravenous sodium L-lactate was initiated 5 min after GHB at a dose of 66 mg/kg+302.5 mg/kg/h for 8 h. Respiratory measurements were collected for 8 h in all experiments. Plasma and urine were also collected in all experiments. Symbols represent data collected and lines represent model fittings. Data presented as mean±SD, n=4-6 laboratory has evaluated brain metabolism of GHB in vitro and observed no degradation, indicating brain metabolism to be a negligible elimination pathway (unpublished data); however, we have previously detected GHB in cerebrospinal fluid in rats (32) , indicating GHB may be removed by bulk flow along with blood-brain barrier efflux. However, in a previous effort to model GHB plasma concentrations along with simultaneously collected brain ECF concentrations, both plasma and ECF concentration profiles were well-described using a model including only brain efflux directly back into the plasma without the delayed re-entrance into the plasma through the CSF (19) . Furthermore, we have evaluated GHB efflux in rat brain endothelial cells (11) , observing efficient efflux, with approximately 10% of GHB remaining intracellularly at steady state compared to that at initial incubation. This efflux could also be trans-stimulated by GHB and other compounds, suggesting a transporter-mediated saturable efflux process.
The toxicodynamic effect of GHB on respiration could be described with incorporation of this nonlinear brain uptake followed by a direct effect, as GHB-induced respiratory depression is due to a direct effect at GABA B receptors. Fig. 7 . Lactate toxicokinetics in the presence and absence of GHB. L-Lactate LD=66 mg/ kg+302.5 mg/kg/h. For GHB administered alone, GHB was given intravenously at time 0 at doses of 200, 600, and 1,500 mg/kg. For administration of L-lactate LD alone, a sodium L-lactate intravenous bolus and infusion were initiated at time 0 and continued for 8 h. For concomitant drug administration, GHB 1,500 mg/kg was administered intravenously at time 0, and intravenous sodium L-lactate was initiated 5 min after GHB and continued for 8 h. The placebo group received an intravenous bolus of normal saline. Symbols represent data collected and dashed lines represent model fittings. Solid and dotted lines represent simulations for endogenous and L-lactate LD alone, respectively, using TK parameters for lactate alone that were fixed in the interaction model. Data presented as mean±SD, n=4-6
The effect of sodium L-lactate, however, was modeled with an indirect effect, as it is proposed that the metabolic alkalosis induced by exogenous sodium L-lactate infusion is responsible for effects of L-lactate on respiration since the metabolism of sodium L-lactate produces sodium bicarbonate, shifting acidbase balance in the blood (17) . The function stimulating k out was used to model the increased use of hydrogen ions during this shift. This effect was not included for endogenous lactate since endogenous lactate is produced as lactic acid and, therefore, does not produce sodium bicarbonate upon its metabolism. The toxicodynamic results from sodium L-lactate infusion in this study suggest that while L-lactate may improve respiratory depression in GHB overdose by increasing GHB clearance, prolonged infusion may result in inhibition of respiratory depression at high lactate concentrations. Additionally, due to the observed toxicokinetic interaction of GHB decreasing lactate clearance, higher lactate concentrations than desired may be achieved with clinically relevant doses, and monitoring lactate concentrations may be warranted if used in clinical GHB overdose. Fig. 8 . Simulation of the model validation data. GHB 600 mg/kg was given intravenously at time 0. Intravenous sodium Llactate 66 mg/kg+605 mg/kg/h was initiated 5 min later and continued for 8 h. a GHB and lactate plasma concentrations, b GHB and lactate urinary excretion, c breathing frequency, d tidal volume, e minute volume. Symbols represent experimental data presented as mean±SD and dotted lines those of the resulting simulations using the fitted model parameters
The primary limitation of the current model is that it describes the toxicokinetics of GHB following IV GHB administration, whereas in clinical overdose cases, GHB and its precursors are abused solely by oral ingestion. We and others have characterized the oral toxicokinetics of GHB in rats, which demonstrate a saturable oral absorption process, likely MCT-mediated, as well as saturable first-pass metabolism (8, 13) . While the TK/TD relationship should remain the same following IV or oral administration, for simulation of potential effects of GHB and MCT inhibitor administration in clinical GHB intoxication, the current TK/TD model needs to incorporate a physiologic oral absorption model. Furthermore, due to the involvement of MCTs in a number of GHB toxicokinetic parameters, the scale up of model parameters from rat to human will require quantitation of interspecies differences in transporter expression/activity, which is yet to be characterized at the physiologic sites of in vivo GHB transport.
CONCLUSIONS
MCT-mediated transport governs the toxicokinetics of GHB and its interaction with L-lactate in many ways. Understanding of the MCT-mediated toxicokinetic processes for these two agents, incorporated into the current model, is necessary for understanding the potential value of L-lactate for the treatment of GHB overdose. The current model may be useful for the translation of this therapy in humans, following incorporation of a physiologic oral absorption model and in vitro-in vivo extrapolation of MCT-mediated processes.
